In vertebrates, the detection of viral nucleic acids is the first step toward innate and subsequent adaptive antiviral immune responses. A sophisticated, protein receptor-based sensor system has evolved to recognize viral nucleic acids and to trigger a variety of antiviral defense mechanisms. The more we learn about this elaborate sensor system, the more it becomes evident how difficult it is to introduce exogenous nucleic acids such as siRNA into cells without triggering antiviral immunoreceptors. In this issue of the JCI, Judge and colleagues provide evidence that siRNA can be designed and delivered in a way that allows specific and successful silencing of target genes in tumor cells in vivo, leading to tumor cell death and prolonged survival of tumor-bearing mice in the absence of immune activation (see the related article beginning on page 661). This study represents a major technological advance, setting new standards for well-controlled siRNA applications in vivo, and has the potential to guide clinical development toward siRNA therapeutics with well-defined and selective gene-silencing activities.
Nature has evolved two major antiviral defense strategies: one is based on degradation of long, viral dsRNA molecules to short, viral dsRNA molecules and amplification thereof, resulting in RNAi-mediated cleavage of complementary viral RNA sequences inside the cell; the other antiviral defense strategy requires the detection of viral nucleic acid by specialized protein receptors, the activation of which leads to innate and adaptive antiviral immune responses. While the first antiviral strategy makes use of Watson-Crick base pairing and enzymatic cleavage of complementary viral sequences, the second uses proteinto-nucleic acid binding, initiating signal transduction pathways, resulting in the activation of a number of downstream antiviral mechanisms. Although both principles are fundamentally different, they have the very same aim, that is, to destroy viral genetic material and prevent spreading of viral infection. It is important to note that, in addition to antiviral defense, the biological principle of RNAi plays a key role in gene regulation (e.g., microRNA); furthermore, the antiviral defense in higher vertebrates predominantly relies not on RNAi but on receptor-mediated recognition of viral nucleic acids. It almost seems that the use of RNAi as an antiviral strategy and the use of receptor-mediated recognition are mutually exclusive.
In higher vertebrates, the presence of the RNAi machinery in the context of gene regulation provides the basis for using exogenous siRNAs to silence specific genes. Physiologically, siRNAs are generated from microRNA precursors generated in the nucleus (1) (Figure 1) . The receptors specializing in detecting viral nucleic acids obviously ignore these natural, short RNA molecules originating from the nucleus. However, the therapeutic use of synthetic siRNA requires delivery of exogenous siRNA across the cell membrane to the cytosol of the target cell. In an organism such as the worm, which relies on RNAi and not on receptor-mediated recognition for antiviral defense, delivery of exogenous siRNA does not alert the cell to the presence of a virus. However, in higher vertebrates with receptor-mediated recognition of viral RNA in place, entrance of exogenous RNA is detected and turns on an alarm (2) (Figure 2 ). Consequently, in order for RNAi technology to be successfully applied in higher vertebrates, we must first design and then determine how to deliver siRNA that allows for the activation of the RNAi machinery without alerting the target cell of an apparent viral infection (3).
Detection of siRNA by TLR7 and RIG-I
Before the era of siRNA, long dsRNA was used to mediate RNAi, but this could only be applied to lower organisms with no protein receptor-mediated mechanism for the recognition of viral RNA, for example, worms such as Caenorhabditis elegans (4) . An important advance in the RNAi field came from the lab of Thomas Tuschl, who made the observation that short, dsRNA oligonucleotides seemed to be ignored by one of the dsRNA-detecting receptors, PKR, even in higher vertebrates, while maintaining the ability to trigger RNAi (5, 6) . This pioneering work generated great enthusiasm about the use of siRNA for functional genomics and for therapeutic application. Then, in 2005, it became clear that the vertebrate immune system possessed a receptor for the detection of such short dsRNA molecules, TLR7 (7) (Figure 2 ). Detection of siRNA by TLR7 is sequence dependent, but the majority of randomly selected siRNAs activate TLR7 to some degree. Besides siRNA, TLR7 detects long and short single-stranded RNA (ssRNA) with a preference for G- and U-rich sequences (7) (8) (9) . The reason that Tuschl's group did not detect immune activation by siRNA in their experiments is that the expression of TLR7 (first described in ref. 10 ) is largely restricted to B cells and to a highly specialized immune cell subset, the plasmacytoid DCs (11) . Consequently, TLR7 is not expressed in most cell lines in which siRNA is tested. The absence of TLR7 in most cell types allows the undertaking of specific gene-silencing experiments in these cells without eliciting TLR7-mediated antiviral responses. However, as soon as an siRNA found to be target specific in vitro is administered in vivo, TLR7-expressing cells are generated and TLR7-mediated antiviral responses obscure the specificity of silencing.
Soon it became clear that introducing 2′O-methyl modifications of RNA reduced activation via TLR7 (3, 12) . However, introducing 2′O-methyl modifications to the antisense strand also reduced silencing activity, and without modification of the antisense strand it seems impossible to completely eliminate TLR7 ligand activity. Moreover, irrespective of 2′O-methyl modifications, TLR3 ligand activity and suppression of angiogenesis was reported as a class effect of siRNA (13) . Furthermore, one group claimed that the cytosolic helicase retinoic acid-inducible gene I (RIG-I) was able to detect short dsRNA oligonucleotides such as siRNA independently of a 5′ triphosphate group (14) . Others reported that 5′ triphosphate was required in order for short RNA molecules to activate RIG-I (12, (15) (16) (17) . As a consequence of these findings, the initial enthusiasm about the therapeutic utility of siRNA turned to skepticism as researchers wondered whether target-specific siRNA-mediated silencing was achievable at all without simultaneous activation of RNA immunoreceptors.
Modification of siRNA to escape immunorecognition
In this issue of the JCI, Judge et al. report a major advance in the design and application of siRNA (18) (Figure 2 ). They demonstrate that siRNA can be designed and delivered to a target organ so that it is ignored by nucleic acid-detecting receptors, even by sensitive measures, and that such siRNA specifically and efficiently silences target RNA expression and suppresses the biological function of the target protein in vivo. The experimental design of this study sets new standards for siRNAmediated, target-specific gene silencing in vivo. The starting point of their study is the observation that 2′O-methyl modification of the sense strand is sufficient to avoid the induction of systemic cytokines such as type I IFN but not sufficient to eliminate the induction of IFN-induced genes (IFN-induced protein with tetratricopeptide repeats 1 [IFIT1] RNA expression was utilized as a sensitive measure) in liver tissue of mice treated with siRNA. One of the key findings in the study is that it is possible to select positions in the antisense strand for 2′O-methyl modification, which abrogates IFN induction, while silencing is fully maintained. In such siRNA molecules, 6 to 8 bases at the 5′ end of the antisense strand remained without modification. The lack of immunostimulatory activity was confirmed by the lack of IL-6 and IFN-α induction in DCs generated from murine bone marrow in the presence of FMS-like tyrosine kinase 3 (Flt3) ligand, the lack of systemic IFN-α in the serum, and the lack of IFIT1 RNA induction in liver and spleen.
An elegant experimental setting was chosen to confirm in vivo silencing of such siRNA (18) . The two selected cell-cycle proteins, polo-like kinase 1 (PLK1) and kinesin spindle protein (KSP), showed almost no baseline expression in normal liver but high expression in tumors. Furthermore, functional inhibition led to characteristic morphological changes. Thus, in mice carrying liver tumors, silencing of the target genes as measured in total target tissue (liver) reflects silencing in tumor cells, and this was confirmed by the detection of characteristic morphological changes in tumor cells. The tumor models included a xenograft model (Hep3B) in immunodeficient mice (SCID/beige mice) and a syngeneic model (Neuro2a) in immunocompetent A/J mice. These two models nicely complement each other: immune-independent silencing through siRNA was tested in immunodeficient mice; specificity of silencing and the lack of immune activation was confirmed
Figure 1
Antiviral and gene regulatory function of RNAi. Long, viral dsRNA in the cytoplasm is cleaved to short, viral dsRNA (siRNA) by Dicer. MicroRNA (miRNA), a class of noncoding RNA molecules involved in gene regulation, is generated by Drosha-mediated cleavage from pri-miRNA transcribed in the nucleus, exported by Exportin-5 to the cytoplasm, and then cleaved by Dicer, resulting in siRNA. Similarly to physiological pri-miRNA, shRNA introduced to cells via gene transfer enters the same pathway (Drosha, Dicer), resulting in the release of the corresponding siRNA. siRNA produced by both pathways binds to RNA-induced silencing complex (RISC), and the sense strand is released from the RISC complex. Complementary binding of the antisense strand to target sequences guides RISC to cleave the target sequence (resulting in mRNA degradation) or, in the absence of full complementarity to the target sequence, inhibits its translation.
in mice with an intact immune system. Together, the selected targets and tumor models allowed the authors to pinpoint functional silencing in tumor cells in vivo.
Successful delivery of siRNA
There is broad consensus that delivery is key to successful siRNA application in vivo. In their study, Judge et al. (18) provide evidence for successful use of stable nucleic acid lipid particles (SNALP) for delivery of siRNA to the liver. Furthermore, they demonstrate that silencing and antitumor activity in subcutaneous tumors can be improved by modifying the lipid composition of SNALP (i.e., incorporating PEG lipids with longer alkyl chains). Effective silencing in the subcutaneous location suggests that modified SNALP formulations may have the potential to facilitate silencing in other tissues and locations. Nevertheless, with this study, formal proof is currently provided only for the liver and for the subcutaneous location, but at least for these two locations, the delivery issue seems to be sufficiently resolved.
But what about the TLR3-dependent antiangiogenic class effect of siRNA (13)? TLR3 is expressed in a variety of cell types including myeloid DCs and ECs. TLR3 signals via TIR domain-containing adapter inducing IFN-β (TRIF), leading to the induction of IFN-β in immune cells. In the current study by Judge and colleagues (18) , the absence of a detectable IFN response in healthy liver, despite effective silencing in liver tumors, supports a TLR-independent effect. However, it would be interesting to know whether the siRNA in conjunction with SNALP delivery provokes a TLR3-dependent antiangiogenic effect similar to the effect of naked siRNA reported by Kleinman and colleagues (13) . In fact, in the Kleinman and colleagues' work, siRNA induced TLR3-dependent suppression of angiogenesis in the absence of a type I IFN response. One could speculate that ECs respond to low-level TLR3 activation by reducing angiogenesis even before they start making type I IFN. Myeloid DCs are expected to produce IFN-β upon TLR3 activation, but in myeloid DCs, TLR3 is expressed in Figure 2 Immunorecognition of RNA. RNA delivered to the endosome is detected by TLR3, in the case of long dsRNA or its mimic poly(I:C) and short dsRNA, or by TLR7, in the case of siRNA and single-stranded RNA (ssRNA). RNA delivered to the cytosol can be recognized by cytosolic helicases. The RNA helicase RIG-I detects RNA carrying a triphosphate group at the 5′ end (5′-PPP) and possibly blunt-end short RNA and intermediate dsRNA. Melanoma differentiation-associated protein-5 (MDA-5) detects long dsRNA. Long dsRNA also binds to RNA-binding PKR, but activation of IRF3 and IRF7 and subsequent type I IFN induction by PKR is controversial (as indicated by question mark). TLRs signal via TIR domain-containing adapter inducing IFN-β (TRIF) (in the case of TLR3) to activate IRF3 and NF-κB or via MyD88 (in the case of TLR7) to activate IRF7 and NF-κB. RIG-I and MDA-5 signal via IFN-β promoter stimulator-1 (IPS-1) to induce IRF7 and NF-κB. Depending on the cell type and its receptor expression pattern (e.g., ECs, myeloid DCs), recognition of RNA leads to the production of type I IFNs (e.g., IFN-α/β), and of proinflammatory cytokines or may lead to the modulation of cell-specific functions. In the study reported by Judge et al. (18) in this issue of the JCI, immunorecognition of siRNA is avoided by chemical modification and by the specific mode of delivery. a different compartment (endosomal compared with surface in ECs), and the level of stimulation by short dsRNAs such as siRNA may not be sufficient to induce considerable levels of IFN-β in these cells. If this is the case, then the antiangiogenic effect of TLR3 may indeed contribute to the in vivo antitumor effect of the siRNA seen in the current study by Judge et al. (18) . The extent of such contributions may be low; however, a possible antitumor effect of the control siRNA carrying the same type of modifications cannot be deduced from the data presented, since the control without siRNA is not depicted in most of the figures related to tumor therapy in vivo.
Unlike TLR3, the helicase RIG-I is located in the same compartment as the enzyme complex mediating siRNA-induced silencing (RNA-induced silencing complex [RISC] ). The siRNA used by Judge et al. (18) had 5′ overhangs, which does not support activation of RIG-I (14) . Indeed, there is no hint in this study that RIG-I activation participates in the antitumor effect. Furthermore, it is interesting to note that no reduction in white blood cell counts or liver toxicity was observed. This is an important observation, considering that SNALP transfer nucleic acid cargo over intact cell membranes. Disturbance or leakage of cellular or endosomal membranes activates the inflammasome (19) (20) (21) . However, the analysis of IFN-α and IL-6 as used in the Judge et al. study is not adequate to detect inflammasome activation. It would be interesting to know whether IL-1β and IL-18 are induced by SNALP-delivered siRNA. Since inflammasome-dependent, caspase-1-mediated release of IL-1β and IL-18 requires the presence of the proforms of IL-1β and IL-18, such SNALP-dependent inflammasome activation may only be present in tumorbearing mice and may not be detectable in the healthy animals in which immunological activity of siRNA was assessed by Judge and colleagues. Even in the absence of IFN, inflammasome activation may contribute to the antitumor activity of siRNA. Along this line, it would be important to know whether the absence of a detectable IFN response in the healthy liver, as demonstrated in the current study, holds true for tumor-bearing livers. Livers carrying tumor tissue may show higher infiltration with preactivated immune cells and thus may be more susceptible to siRNA-induced immunostimulation. Although target-specific siRNA silences its target in tumor cells by site-specific cleavage (confirmed by rapid amplification of cDNA ends [RACE] technology) in vivo, quantification of the extent to which silencing of the target indeed contributes to in vivo therapeutic activity would require more controls than provided. Furthermore, specificity of silencing one versus the other cell-cycle protein target would be best controlled by simultaneous quantification of both corresponding target RNAs.
Comparison of tumors derived from tumor cells expressing the wild-type versus a mutated target sequence (mutation resulting in the same amino acid sequence but loss of target sequence) allows for the assessment of the relative contribution of silencing versus immunostimulation of an siRNA molecule (22) . Several groups have shown that immune activation by RNA has antitumor activity, and thus it would be interesting to know how an immunostimulatory RNA oligonucleotide performs compared with a target-specific siRNA in the specific tumor models used in the Judge et al. study (18) .
Nevertheless, based on the current study (18) and other recent work, the RNAi field should regain confidence that appropriate siRNA delivery and target-specific silencing of genes can be achieved in vivo. Some uncertainty remains as to whether non-RNAi-related effects such as antiangiogenesis or inflammasome activation or a type I IFN response in diseased tissues may add to the RNAi-based therapeutic activity of siRNA. With this methodological advance and the reported proof of principle for siRNA-mediated gene silencing in vivo, without doubt, the field will revive its enthusiasm for RNA-based therapeutics. With this development, the use of target-specific siRNA-mediated gene silencing in vivo in combination with the effects of other welldefined biological properties of RNA (such as TLR7- or RIG-I activation) is even more attractive, specifically for tumor therapy.
Prior studies on protein degradation
Most PD patients have intraneuronal inclusions in the form of ubiquitin-positive Lewy bodies and Lewy neurites. Given the presence of Parkin in Lewy bodies and the putative role of Parkin as an E3 ligase, much of the initial work on Parkin was focused on its potential role in regulating protein degradation via the ubiquitin-proteasome system (UPS). Ubiquitination is accomplished by covalently linking the ubiquitin polypeptide (Ub) to a lysine residue in a specific protein substrate and requires the sequential action of an E1 activating enzyme, an E2 conjugating enzyme, and an E3 ligase (2) . E3 ubiquitin ligases can mediate monoubiquitination (the addition of a single Ub to the substrate protein), multiubiquitination (the addition of multiple single Ubs to different lysine residues in a target protein), and polyubiquitination (in which chains of four or more Ubs are formed by the linkage of Ub molecules to lysine residues in other Ub molecules) (2) . These linkages are most often to lysine 48 (K48) or lysine 63 (K63) of the Ub polypeptide. Proteins to be degraded by the proteasome are largely K48 polyubiquitinated. In contrast, K63 polyubiquitination, as well as monoubiquitination and multiubiquitination, primarily function in non-degradative processes including signal transduction, transcriptional regulation, protein localization, and membrane trafficking (2) .
Previous studies suggested that Parkin could function as an E3 ligase for proteasome-mediated protein degradation (3) . A handful of substrates of Parkin, including Parkin itself and an α-synuclein-interacting protein (Synphilin-1) (4), have been identified in vitro. If Parkin were indeed important in the degradative pathway in vivo, one would expect that the levels of its substrates should increase in Parkinknockout mice. Unexpectedly, however, most of the substrates studied, including Synphilin-1, did not accumulate in Parkinnull mice (5). In addition, several studies have revealed that Parkin preferentially catalyzes monoubiquitination and K63-linked polyubiquitination of substrates including Synphilin-1 (6-8). These latter observations may offer potential explanations for the lack of substrate accumulation in vivo by implicating Parkin in a non-degradative, proteasome-independent process. Studies in Drosophila and more recently in mammals have provided important insights into Parkin function, although whether Parkin possesses degradative or non-degradative functions remains to be determined.
Central role of mitochondrial function in PD pathogenesis
Flies lacking Parkin function show striking defects in mitochondrial morphology that are highly similar, if not identical, to those observed in Pink1 mutants (9) (10) (11) . Genetic epistasis experiments have demonstrated that Parkin and Pink1 act in a common genetic pathway, with Pink1 positively regulating Parkin (9, 10) . This Pink1/ Parkin pathway controls mitochondrial integrity at least in part via promotion of mitochondrial fission and/or inhibition of mitochondrial fusion (12) (13) (14) . Consistent with these findings in Drosophila, patients with PINK1 or PARKIN mutations have indistinguishable clinical features and also show mitochondrial defects (1, 15) . Recent studies also suggest that Pink1 and Parkin regulate mitochondrial functions in mammals (16) (17) (18) (19) . These findings underscore the central importance of the Pink1/Parkin pathway in regulating mitochondrial integrity and function.
Parkin is localized largely in the cytosol, though it can be found within mitochondria or associated with the outer mitochondrial membrane in certain contexts (20) (21) (22) . Meanwhile, Pink1 has been found within mitochondria in cells and in vivo (9, 23, 24). The mechanism by which Parkin
